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The hydrogen evolution reaction (HER) was studied at electrodeposited Ni and Ni-(Ebonex/
Ir) composite coatings in 1 mol dm3 NaOH solution at 25 C. The Ni-(Ebonex/Ir) coatings
were electrodeposited from a nickel Watts type bath containing different amounts of
suspended Ebonex/Ir(30 wt.%) powder particles (0e2 g dm3) onto a Ni 40 mesh substrate.
The electrodes were investigated by cyclic voltammetry (CV), scanning electron micro-
scopy (SEM), energy dispersive X-ray spectroscopy (EDS), electrochemical impedance
spectroscopy (EIS) and polarization measurements. It was shown that the roughness factor
of coatings increased to a maximum value of 27 with increasing the concentration of
Ebonex/Ir particles in the deposition bath, while that of a pure Ni coating was found to be
3.2. In the whole potential range of the HER only one Tafel slope of about 120 mV dec1
was observed at all polarization curves. Considerably improved intrinsic catalytic activity
for the HER compared to pure Ni was achieved with the composite coating deposited from
the bath with the lowest concentration of Ebonex/Ir particles (0.1 g dm3). Further
enhancement of the apparent catalytic activity for the HER of Ni-(Ebonex/Ir) composite
coatings obtained at higher concentrations of suspended Ebonex/Ir particles in the bath
was attributed only to the increase of their electrochemically active surface area.
Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.Introduction
Ni-based compounds (Ni alloys and Ni composite materials)
represent the most often investigated cathode materials for
the HER in alkaline solutions, mainly due to their high resis-
tance to corrosion in concentrated alkaline solutions at039; fax: þ381 11 3055289
c.rs (U.C. Lacnjevac).
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y Publications, LLC. Publelevated temperatures [1e38]. The increase of the activity of
Ni-based compounds towards the HER has been achieved
either by the increase of the real surface area
[2,6,7,10,11,15,16,28] (in Refs. [15] and [16] porous Ni electrodes
were developed and used as cathodes for the HER) or by the
increase of the intrinsic activity. The intrinsic activity of Ni
has been increased by depositing Ni-based composite.
ished by Elsevier Ltd. All rights reserved.
Table 1 e Elemental composition of electrodeposited Ni-
(Ebonex/Ir) samples obtained from EDS analysis.
Sample Ni/at.% O/at.% Ti/at.% Ir/at.%
2 78.6 19.6 1.55 0.20
3 88.3 9.48 1.80 0.38
4 76.5 13.0 9.70 0.83
5 72.2 15.3 11.1 1.43
Table 2 e The values of Cdl and roughness factor (rf)
determined from the linear dependences Dj¼ ja e jc vs. v
presented in Fig. 3b; Roughness factor (qtot/qNi)
determined from the relation of charges under the
cathodic peaks for Ni(III)/Ni(II) reduction presented in
Fig. 5.
Sample Cdl/mF cm
2 rf rf/rf(Ni) qc/mC cm
2
q vs. v1/2 (v/0)
qtot (qtot/qNi)
(1) 126 3.2 1 6.2 1
(2) 166 4.2 1.3 8.2 1.3
(3) 335 8.4 2.7 17.5 2.8
(4) 1073 27 8.5 57.7 9.3
(5) 1076 27 8.5 70.3 11
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[1,2,4e7,10,17e20,22e25,33,36] or by alloying Ni with other
metals [8,9,11e14,21,26e30,32]. Two attempts were made to
increase the catalytic activity of Ni by spontaneous deposition
of Ru [34,35] or Ir [35] using a base Ni coating of high surface
area as a substrate. High catalytic activity for the HER has also
been obtained on the Ni-(Ebonex-supported Ru) coatings
electrodeposited onto a Ni 40 mesh from the suspension
containing Ebonex-supported Ru particles in the Watts type
bath [36].
Iridium [39] and IrO2 [40] electrodes, NiIr alloys [41,42] and
Ir-based composite coatings [22,35,37,38] were also investi-
gated as possible materials for hydrogen production. Boodts
and Trasatti [40] studied the HER in acidic solutions at IrOx
electrodes prepared by thermal decomposition of IrCl3 dis-
solved in water at temperatures between 300 C and 500 C
and spread onto Ti support by a brush. It was found that
thermally prepared IrOx electrode was relatively stable in
acidic solutions and that the reduction of oxide (usually un-
stable in acids) involved only the very surface, while the
overpotential for the HER amounted to 0.1 V at 1 A cm2.
Kuttiyiel et al. [37] synthesized coreeshell, hollow-structured
iridiumenickel nitride nanoparticles and showed that the
carbon-supported deposits of these particles onto a glassy
carbon electrode enhanced the HER activity in acidic solu-
tions, being comparable to that of Pt/C catalysts. Solmaz [41]
electrochemically prepared the binary NiIr coatings on a Ni-
modified carbon felt substrate and investigated them as
cathode materials for the HER in alkaline solutions. It was
shown that a relatively low amount of electrodeposited Ir was
sufficient to provide a large number of catalytically active
centers at the surface of the C/NieNiIr electrode, thus
enhancing the HER activity. Vazquez-Gomez et al. made three
attempts to incorporate Ir in a rough Ni deposit [22,35,38]:
Ni þ IrO2 composites [22] were electrodeposited from stirred
suspensions of IrO2 in a 0.2 M NiCl2 þ 2 M NH4Cl solution, pH
4.5, at 25 C, or in a sulfate electrolyte (0.1 M NiSO4 þ 1.0 M
(NH4)2SO4þ 0.7 MNH4OH, pH 11, at 25 C), with those obtained
from chloride solution having lower overvoltage for the HER;
in Refs. [35,38] porous Ni was electrodeposited at Ni rotating
disc electrodes from 0.2 M NiCl2 þ 2 M NH4Cl using high cur-
rent densities (typically 1 A cm2) and such electrodes were
either submitted to a spontaneous deposition of Ir at the open
circuit potential from deaerated solutions containing
0.001 M H2IrCl6 at 25 C [35], or Ir was electrodeposited from
0.002 M H2IrCl6 of the pH ca. 2.5 at 70 C [38]. As-deposited
porous Ni and Ir-modified porous Ni electrodes [35] were
submitted to the same sequence of electrochemical tests in
1 MNaOH aqueous solutions (not deaerated and kept at 25 C),
with one of those tests (related to the determination of real
surface area) comprising five successive cyclic voltammo-
grams recorded between 0.2 and 0.6 V at the sweep rate of
10 mV s1 to study the Ni(II)/Ni(III) reaction taking place at the
electrode surface. The EIS measurements in 1 M NaNO3 at the
open circuit potential at 25 C were performed to determine
the electrode double layer capacity (i.e. roughness factor). It
was concluded that the roughness of as-deposited Ni elec-
trode increased with increasing time of spontaneous deposi-
tion of Ir due to Ni dissolution during the replacement
reaction. Spontaneously deposited Ir did not cover the wholeNi surface and increased the total surface area (confirmed by
SEM analysis). For example, after immersion of the electrode
in an Ir ions containing solution for 360 min the real surface
area of porous Ni increased 8.86 times according to the anal-
ysis of charge under the peaks of the Ni(II)/Ni(III) redox reac-
tion (Q after immersion for 360 min divided by Q of as-
deposited Ni, Table 1, Ref. [35]), while the EIS analysis
revealed that the real surface area of porous Ni increased 46.1
times (capacity after immersion for 360 min divided by the
capacity of as-deposited Ni, Table 2, Ref. [35]). Polarization
curves for the HER in 1MNaOH showed that the least negative
potential of hydrogen evolution at high current densities (over
0.1 A cm2) was observed at the porous Ni þ Ir coating after
immersion in an Ir ions containing solution for 360 min.
In this work an attempt was made to reduce the amount of
Ir for fabrication of HER cathodes by using the Ebonex parti-
cles decorated with the Ir nanoprecipitate. The Ni-(Ebonex-
supported Ir) composite coatings were prepared by electro-
chemical codeposition of the Ni matrix and suspended Ebo-
nex/Ir particles, and tested as catalysts for the HER in alkaline
solutions.Experimental
Preparation of Ebonex-supported Ir particles
Powder of Magneli phases of the general formula TinO2n-1, or
in average Ti4O7 (trade name Ebonex, Altraverda, U.K.), was
used in these investigations. Purchased Ebonex powder was
comminuted by ball milling in isopropanol for 2 h using a
Fritsch planetary mill Pulverisette 5. SEM analysis revealed
that the average size of Ebonex particles reduced from 10 mm
to below 5 mm after milling.
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by a conventional impregnation method using a 2-propanol
solution of Ir(III) chloride hydrate (Merck). The preparation
process can be described as follows: 1.4 g of the Ebonex
powder was dispersed in 100 ml of 2-propanol using an ul-
trasonic bath, and thenmixedwith the appropriate amount of
IrCl3 solution containing 0.6 g Ir. This suspension was ultra-
sonically blended for 1 h after thoroughmixing. The precursor
suspension was allowed to dry at 80 C for 12 h. The precursor
powder was then set in a tube furnace and reduced under
flowing H2 gas at 450 C for 2 h and cooled to a room tem-
perature under flowing inert (Ar) gas. The Ir loading was
30 wt.%.
Electrode preparation
The Ni-(Ebonex/Ir) samples were prepared by simultaneous
electrodeposition of Ni and suspended Ebonex/Ir(30 wt.%)
powder particles onto a Ni 40 mesh substrate from a con-
ventionalWatts bath of the following composition: 330 g dm3
NiSO4,6H2O þ 45 g dm3 NiCl2,6H2O þ 38 g dm3 H3BO3. pH
was kept at 4.5, while the temperature of the electrolyte was
50 C. The amount of suspended Ebonex/Ir particles in the
bath varied between 0 and 2 g dm3. Electrodeposition was
carried out at a constant current density j ¼ 25 mA cm2 in
the beaker cell of a small volume of 0.1 dm3 with two vertical
Ni mesh anodes and a Ni 40 mesh cathode between them.
Thickness of the coatings was controlled through the elec-
trodeposition charge density, which was fixed at 18.6 C cm2.
Mixing of the electrolyte was provided by the air flow
(1 dm3 min1) through the spiral-shaped glass pipe with small
openings facing the bottom of the cell.
The Watts type electrolyte was prepared from analytical
grade chemicals dissolved in deionized water and the pH was
adjusted at 4.5 by adding sodium hydroxide. Before the elec-
trodeposition of pure Ni and Ni-(Ebonex/Ir) coatings, Ni 40
meshes were etched in 2:1 HNO3:H2O solution for 60 s.
For easier presentation all investigated samples are
marked with the numbers: (1) e ~ 20 mm thick pure Ni
deposited from theWatts bath; (2), (3), (4) and (5)eNi-(Ebonex/
Ir) samples electrodeposited from the Watts bath containing
0.1, 0.5, 1.0 and 2.0 g dm3 of Ebonex/Ir(30 wt.%) powder par-
ticles, respectively.
Characterization of Ni-(Ebonex/Ir) composite coatings
The appearance of the Ebonex/Ir(30 wt.%) powder particles
and Ni-(Ebonex/Ir) coatings was investigated by SEM, Tescan
VEGA TS 5130 MM, while the elemental composition of sam-
ples was obtained by EDS analysis performed using a Jeol JSM
5800 SEM in conjunction with a SiLi X-Ray detector, Oxford
Link Isis series 300, UK.
Electrochemical measurements and solutions
The polarization characteristics of the HER onto Ni and Ni-
(Ebonex/Ir) sampleswere tested in1.0moldm3NaOHsolution
in extra pure UV water (Smart2PureUV, TKA) at 25 C. A three-
compartment cell was used: the working electrode of the sur-
face area of approximately 1 cm2 was placed in a centralcompartment together with the Luggin capillary; two Pt mesh
counter electrodes of larger surface areas were each placed in
separate compartments (parallel to the working electrode
mesh), so that the oxygen evolved at the counter electrodes
could not enter the working electrode compartment. The
saturated calomel electrode (SCE) was placed in a side
compartment connected to the central one through a bridge
and a Luggin capillary, and was kept at room temperature. All
values of potential in the text are given versus the SCE. Ex-
periments were performed using a potentiostat Reference 600
and software PHE 200 and DC 105 (Gamry Instruments). All
samples were first submitted to the HER at a constant current
density j¼0.3A cm2 for 800 s in order to reduce theNi oxide/
hydroxide present at the electrode surface tometallicNi and to
achieve a stationary value of potential (step 1), followed by
conditioning at a certain constant potential for the period of
60 s sufficient toprovidea stable currentdensity response (step
2). The value of potential in step 2 was adjusted to produce
cathodic currentdensityslightlyhigher than0.3Acm2.After
such pre-electrolysis, polarization curves were recorded by
sweeping the potential at 1 mV s1 from the value applied in
step2 to thevalueofopencircuitpotential.During thecourseof
the sweeps, potential was automatically corrected for the IR
drop using the current interrupt technique.
The EIS measurements were performed with the same
potentiostat and EIS 300 software, applying the amplitude of
5mVRMS in the frequency range from10kHz to0.01Hzwith20
points per decade. EIS spectra were recorded at four different
potentials for each Ni-(Ebonex/Ir) sample. The potentials for
presentingCdl vs.EandEvs. log (1/RF) dependences (Figs. 10and
11, respectively) were corrected for the IR drop using the cor-
responding values of stationary current density and the solu-
tion resistancedetermined from theNyquist plots. The real (Z0)
and imaginary (Z00) components of electrochemical impedance
spectra in the Nyquist plot were analyzed using the complex
nonlinear least squares (CNLS) fitting program (EIS 300) to
simulate the equivalent resistances and capacitances.
The CV curves used for determining the double layer ca-
pacity (i.e. roughness factor) of all investigated samples were
recorded at various sweep rates (from 20 to 500 mV s1) in the
potential range from 0.45 V to 0.30 V. The double layer
capacity was determined from the slope of the linear depen-
dence Dj ¼ ja  jc vs. v [43]. CV experiments were also per-
formed in the potential range from 1.0 V to 0.5 V at different
sweep rates. Before recording the CVs, all electrodes were
submitted to 30 cycles at v ¼ 100 mV s1 in the same potential
range. In the case of electrodes with high current densities for
Ni(II)/Ni(III) peaks (over 10 mA cm2), CVs were corrected for
the IR drop by using a positive feedback technique (R was
determined from EIS measurements and CVs were automat-
ically corrected for the IR drop during cycling).Results and discussion
SEM-EDS characterization
The microstructure of the prepared Ebonex/Ir powder can be
seen in the backscattered electron (BSE) SEM image in Fig. 1.
Our expectation that all Ebonex particles would be uniformly
Fig. 1 e Typical example of the microstructure of Ebonex/
Ir(30 wt.%) powder with marked Ebonex particles and Ir
nanoparticles, while the coreeshell structure is marked
with an ellipse.
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was only partially fulfilled. As illustrated in Fig. 1, Ir nano-
particles were non-uniformly distributed on top of the Ebonex
substrate. Only a fraction of the Ebonex surfacewas decorated
with Ir agglomerates (white areas), while the rest of Ebonex
particles remained uncovered (gray areas). EDS analysis of the
Ebonex/Ir powder revealed that the average weight percent
ratio between Ti and Ir was 61:39, which is very close to the
Ti:Ir ratio of 60:40 that was calculated for the nominal Ir
loading of 30 wt.% and taking Ti4O7 as the average chemical
formula of Ebonex. Hence, the prepared powder was denoted
as Ebonex/Ir(30 wt.%).
Themorphology of coatings electrodeposited from aWatts
bath containing different amounts of suspended Ebonex/Ir
particles (0e2 g dm3) onto Ni 40 mesh is presented in Fig. 2. A
typical compact Ni deposit was obtained from a blank Watts
bath (Fig. 2a). The appearance of coatings significantly
changed upon addition of Ebonex/Ir(30 wt.%) powder in the
bath. The coating obtained at the lowest concentration of
suspended Ebonex/Ir(30 wt.%) of 0.1 g dm3 was characterized
by the presence of two distinctive parts on the Ni 40 mesh
support: the compact Ni deposit and the dispersed deposit
consisting of Ebonex/Ir particles embedded in the electro-
deposited Ni matrix (Fig. 2b). Higher concentrations of sus-
pended Ebonex/Ir(30 wt.%) powder resulted in increased
coverage of Ni 40 mesh with a composite Ni-(Ebonex/Ir) de-
posit (Fig. 2cee). Fig. 2d and e show that the Ni 40 mesh in
samples obtained from a Watts bath containing 1.0 g dm3
and 2.0 g dm3 of Ebonex/Ir(30 wt.%), respectively, was
completely covered with a rough Ni-(Ebonex/Ir) composite
deposit of high surface area. Ir particles present on the outer
surface of the porous composite structures can be detected as
white spots in the BSE image given in Fig. 2f.The composition of Ni-(Ebonex/Ir) composite deposits was
examined by EDS and the results (in at.%) are collected in
Table 1. It is evident that Ni was the main constituent of all
composite deposits (above 70 at.%). The content of Ir was
found to steadily increase with the increase of the concen-
tration of Ebonex/Ir powder particles suspended in the depo-
sition bath, but it was generally very low (maximum 1.43 at.%
Ir for sample 5). For comparison, the Ni-(Ebonex/Ru) com-
posite coatings prepared under similar experimental condi-
tions possessed a higher content of a noble metal catalyst, e.g.
maximum 2.1 at.% Ru for the sample deposited from a Watts
bath with 5 g dm3 of Ebonex/Ru particles [36]. Based on these
findings it can be inferred that the rate of incorporation of
suspended particles was higher in the case of Ni-(Ebonex/Ru)
composite coatings than for the electrodeposition of Ni-(Ebo-
nex/Ir) composite coatings. Vazquez-Gomez et al. [22] also
showed that the volume fraction of IrO2 incorporated in the
Ni þ IrO2 electrodeposited composites was comparably lower
than that of RuO2 in the Ni þ RuO2 composites owing to the
poor incorporation rate of IrO2 particles. Nevertheless, it ap-
pears that even such a small amount of incorporated Ebonex/
Ir particles was sufficient to alter the mechanism of Ni depo-
sition from a Watts bath, producing three-dimensional com-
posite coatings with considerable surface roughness.
Results of CV investigations
In order to determine roughness factor for each electrode
surface, CVs for all investigated samples were recorded at
various sweep rates in the potential range from 0.45 V to
0.30 V. Each electrode was left in a N2 purged solution at the
open circuit potential for 1 h before recording the above
mentioned CVs, with no previous treatment. One example for
the sample deposited from the Watts bath containing
1.0 g dm3 of Ebonex/Ir particles (sample 4) is presented in
Fig. 3a. Flat CVs, typical for double layer charging/discharging,
were obtained for all samples. The values of the double layer
capacity (Cdl) were obtained from the slopes of Dj ¼ ja  jc vs. v
dependences [43] presented in Fig. 3b (Dj/Dv ¼ 2Cdl). The
values of roughness factor (rf) were obtained by dividing
measured Cdl values with 40 mF cm
2 (the value of ideally flat
Ni electrode [44]) and corresponding results are given in Table
2.
Fig. 4a shows the shapes of the CVs for Ni and Ni-(Ebonex/
Ir) composite coatings recorded at the sweep rate of
100 mV s1, while in Fig. 4b are shown CVs for Ni and a Ni-
(Ebonex/Ir) composite coating (sample 3) recorded at the
sweep rate of 40 mV s1 which provided better resolution of
the corresponding anodic and cathodic peaks. There is a sig-
nificant increase of the voltammetric charges at Ni-(Ebonex/Ir)
composite coatings electrodeposited from the bath which
contained a higher concentration of suspended Ebonex/Ir
particles (Fig. 4a). The improvement of voltammetric re-
sponses is a result of increasing roughness of composite
coatings, as SEM analysis also suggested.
CVs recorded on Ni and Ni-(Ebonex/Ir) coatings were
characterized by a different number of anodic and cathodic
peaks, as seen in Fig. 4b. Peaks Ia, IIc and IIIc, common to both
electrodes, refer to the highly reversible anodic and cathodic
processes described by the equation:
Fig. 2 e The appearance of coatings electrodeposited onto Ni 40 mesh from a nickel Watts bath containing different
concentrations of suspended Ebonex/Ir particles: (a) 0 g dm¡3 (sample 1, pure Ni); (b) 0.1 g dm¡3 (sample 2); (c) 0.5 g dm¡3
(sample 3); (d) 1.0 g dm¡3 (sample 4); (e) 2.0 g dm¡3 (sample 5). Note that compact Ni and dispersed composite Ni-(Ebonex/Ir)
deposits in (b) are marked with arrows. (f) Typical morphology of the Ni-(Ebonex/Ir) composite structure at higher
magnification.
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where the solid state diffusion of Hþ ions is the rate deter-
mining step. Accordingly, anodic peak Ia can be attributed to
the oxidation of Ni(OH)2 to NiOOH, while the cathodic peaks
can be identified as the reduction of b-NiOOH (peak IIc) and g-
NiOOH (peak IIIc) [45]. Thus, the charges obtained underFig. 3 e (a) CVs of sample (4) recorded in the potential range
from ¡0.45 V to ¡0.30 V at different sweep rates (from 20
to 500 mV s¡1). (b) The Dj ¼ ja ¡ jc vs. v dependences
obtained by the analysis of CVs recorded for all
investigated samples.cathodic peaks IIc and IIIc represent the amount of b-NiOOH
and g-NiOOH produced during the anodic potential sweep.
Anodic peak IIa and corresponding cathodic peak Ic were
observed only at Ni-(Ebonex/Ir) composite coatings and could
be assigned to the surface redox reactions involving iridium
oxides species.Fig. 4 e (a) CVs of Ni-(Ebonex/Ir) samples recorded in the
potential range from 0.0 V to 0.5 V at the sweep rate of
100 mV s¡1 (b) CVs of pure Ni (sample 1) and sample 3
recorded in the potential range from 0.0 V to 0.5 V at the
sweep rate of 40 mV s¡1 with corresponding anodic and
cathodic peaks marked in the figure.
Fig. 5 e Dependences of q vs. v¡1/2 (a) and 1/q vs. v1/2 (b)
obtained by the analysis of charges under cathodic peaks
for all samples.
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gated electrodes can be estimated from the ratio between the
corresponding cathodic charges for the reduction of NiOOH to
b-Ni(OH)2. The anodic and cathodic current peaks are pro-
portional to a square root of the sweep rate (v), which is not
surprising, taking into account that both reactions (Eq. (1)) are
diffusion controlled. In this case it is easy to show that the
cathodic charge (q) should be a linear function of v1/2 and the
reciprocal charge (1/q) should be a linear function of v1/2 [46].
Fig. 5 shows that linearity is indeed observed.
Extrapolation of the q vs. v1/2 line to v1/2 / 0 gives the
fraction of the total charge which corresponds to the infinitely
large sweep rate (qs). It is assumed in this case that the
charging or discharging processes are able to reach equilib-
rium only on the “outer” surface of the coating. At the same
time, extrapolation of 1/q vs. v1/2 line to v1/2 / 0 gives theFig. 6 e CVs of “activation” for sample 4 recorded with the swe
curves for the HER.charge at the infinitely slow sweep rate (qtot). In this case, the
charging process is able to reach equilibrium not only on the
“outer” surface area, but also inside both meso- and micro-
pores that represent the so-called “inner” part of the total
surface area. By comparing limiting values obtained for both
dependences it could be concluded that the total charge (qtot)
is practically equal to the charge of the “outer” surface area
(qs), indicating that all Ni-(Ebonex/Ir) coatings possessed well-
developed active surface areas and that thewhole surfacewas
accessible to the electrochemical reaction. As can be seen in
Table 2, the ratio qtot/qNi is almost identical to the ratio rf/rf(Ni),
except for the sample (5), indicating that roughness factor
could be determined by either of these two approaches.Polarization curves for the HER
An interesting phenomenon was detected while recording
polarization curves for the HER. It was observed that Ni-
(Ebonex/Ir) coatings became more active for the HER after 10
successive cycles (v ¼ 100 mV s1) in the potential range from
1.0 V to 0.7 V. CVs of “activation” for sample (4) are presented
in Fig. 6, while polarization curves before and after “activa-
tion” are shown in the inset of Fig. 6. Hence, all samples were
subjected to “activation” before recording polarization curves
for the HER, i.e. all electrodeswere submitted to 10 cycles with
v ¼ 100 mV s1 in the potential range from 1.0 V to 0.7 V.
In the explored potential range extending to 0.7 V both Ni
oxidation and growth of surface oxides on Ir should be ex-
pected. Thus, it can be concluded that after activation of
electrodes the HER took place at the surface of reduced
iridium hydroxide/oxide. It is well known that hydrous
iridium oxide film is highly resistant to the reduction under
cathodic hydrogen evolution conditions in aqueous acidic or
basic solutions. It has been suggested [40] that the barrier to
reduction is attributed to the involvement of high energyep rate of 100 mV s¡1. Inset: Corresponding polarization
i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 0 ( 2 0 1 5 ) 1 0 4 8 0e1 0 4 9 010486intermediates (iridium atoms) which can only be generated at
unusually negative overpotential values evidently far into the
HER potential range.
The activation by oxidation of porous Ni cathodesmodified
by Ir has already been observed [38]. According to [40], the
activation could be related to the wetting phenomena and to
the surface modifications. Wetting of the inner surface of the
Ni-(Ebonex/Ir) electrode is apparently promoted by a reduc-
tion and reoxidation during CVmeasurements, which enables
the solution to spread inside the pores by changing hydro-
phobic into hydrophilic sites.
Polarization curves for the HER recorded for all investi-
gated samples are shown in Fig. 7a. It is obvious that the
incorporation of Ebonex-supported Ir particles in the Ni de-
posit caused a significant improvement in the current density
for the HER, with the HER potential becomingmore positive as
the concentration of Ebonex/Ir particles suspended in the
deposition bath increased from 0 g dm3 (sample 1, pure Ni) to
2.0 g dm3 (sample 5). Taking into account that roughness
factor of the coatings also increased with the amount of
incorporated Ebonex/Ir particles, the observed increase in rate
of the HER could be primarily ascribed to the increase of active
surface area. In order to elucidate the sources of apparent
activity, measured current densities (jm) were divided by the
corresponding values of roughness factor (Table 1) andFig. 7 e (a) Polarization curves for all investigated samples
recorded at the sweep rate of 1 mV s¡1. (b) The same
polarization curves corrected for the rf.presented in Fig. 7b (denoted as jm/rf). In such a way the
intrinsic catalytic activity, represented as “intrinsic current
density”, was obtained. As can be seen in Fig. 7b, the polari-
zation curves of all Ni-(Ebonex/Ir) electrodes practically
overlapped after correction for the surface roughness effects.
It appears that the addition of only 0.1 g dm3 Ebonex/Ir par-
ticles in the nickel Watts bath was enough to achieve the
maximum intrinsic catalytic activity for the HER of electro-
deposited composite coatings. Hence, the increase in
apparent activity for the HER at the Ni-(Ebonex/Ir) electrodes
can be attributed solely to the increase of their electrochem-
ically active surface area. A large difference in intrinsic cata-
lytic activity for the HER between pure Ni and Ni-(Ebonex/Ir)
composite cathodes can also be observed in Fig. 7b. Since
Ebonex, as electrode material, exhibits very low activity for
electron transfer reactions [47], the enhanced intrinsic cata-
lytic properties of Ni-(Ebonex/Ir) cathodes compared to pure
Ni can be associated with the presence of iridium hydroxide/
oxide at the surface.
In thewhole potential range of theHER only one Tafel slope
of about 120 mV dec1 is present at the polarization curves
for all investigated samples (Fig. 7a). Boodts and Trasatti [40]
proposed a mechanism for the HER on metal oxide elec-
trodes in acidic solutions, in which the first step is the elec-
trochemical reduction of the surface active sites, M-OH. The
general mechanism adopted for the alkaline solutions may be
the following one:
MOHþH2Oþ ee/MOH2 þOH (2)
MOH*2/MOH2 (3)
MOH2 þ ee/MHþOH (4)
MHþH2O/MOHþH2[ (5)
Step (3) accounts for possible spillover effects (surface
chemical rearrangements). Step (4) involves further electro-
chemical reduction of the reduced Ir surface complex, IreOH2,
with the formation of adsorbed hydrogen. For all investigated
catalysts, the first step in the mechanism (Eq. (2)), which
represents the electrochemical reduction of active sites, is the
rds, corresponding to the Tafel slope of 120 mV dec1.EIS results
EIS measurements were performed on Ni-(Ebonex/Ir) elec-
trodes at four IR-uncorrected potentials, 1.15 V, 1.20 V,
1.25 V and 1.30 V, covering current density range from
about 1 mA cm2 to about 50 mA cm2. In Fig. 8a are pre-
sented Nyquist plots recorded for sample (3) at all four
selected potentials, while in Fig. 8b are presented Nyquist
plots recorded at the potential E ¼ 1.25 V for all Ni-(Ebonex/
Ir) samples. Experimental points are presented with symbols
(squares, circles, triangles, etc.), while fitted curves are pre-
sentedwith lines. All Nyquist plots were characterized by only
one apparent arc or semicircle. The best fit at E ¼ 1.15 V was
obtained using the equivalent circuit presented in Fig. 9a,
typical for the HER [48]. The HER kinetics-related part of this
circuit consists of elements RpkCp in series with Rct, where
Fig. 8 e (a) Nyquist plots recorded at four different
potentials (marked in the figure) for sample 3. (b) Nyquist
plots recorded at the potential E ¼ ¡1.25 V for all Ni-
(Ebonex/Ir) samples (marked in the figure).
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adsorbed reaction intermediate upon potential perturbation
[49], and Rct is the charge transfer resistance, while CPEdl is a
constant phase element replacing Cdl, and Rs is the solution
resistance. The impedance of CPEdl is given as [50].
ZCPEdl ¼
1
YdlðjuÞadl (6)
where Ydl is a capacitance parameter (in U
1 cm2 sa) and adl is
a parameter associated with a constant phase angle
4 ¼ e(90adl), having a value between 0 and 1. At other three,
more negative, potentials the contribution of parameters Rp
and Cp to the total impedance response was negligible, so the
model used for fitting was reduced to a simple Randles circuitFig. 9 e Equivalent circuits used for modeling of EIS spectra
for Ni-(Ebonex/Ir) samples acquired at different potentials:
(a) ¡1.15 V; (b) ¡1.20, ¡1.25 and ¡1.30 V.(Fig. 9b). Parameters obtained from the fitting procedure are
presented in Table 3.
Values of Cdl were calculated using the equation [51]:
Cdl ¼
"
Ydl

1
Rs
þ 1
Rct
ðadl1Þ#1=adl
(7)
and the corresponding fitted parameters are given in Table 3.
The dependence of Cdl on potential (IR corrected, see Section
2.4.) for various Ni-(Ebonex/Ir) samples is graphically pre-
sented in Fig. 10. As expected for the HER on porous elec-
trodes, Cdl for each sample decreasedwith increasing cathodic
potential due to the blocking effect of hydrogen bubbles
evolved at higher current densities. However, the ratio be-
tween the Cdl values of investigated samples essentially did
not vary with potential and was similar to the ratio between
the Cdl values obtained from the analysis of the double layer
charging/discharging or the cathodic voltammetric charges in
the NiOOH/Ni(OH)2 region (see Table 2). It can also be observed
that the absolute Cdl values of Ni-(Ebonex/Ir) samples obtained
from the EIS analysis were comparably higher. This finding
supports the assumption that the CV activation treatment
improved the hydrophilicity of the surface sites and increased
the portion of the inner surface area of Ni-(Ebonex/Ir) porous
structures that was in contact with aqueous alkaline solution.
It should be emphasized that the non-existence of high fre-
quency semicircles in the Nyquist plots that are related to the
pore resistance is in good agreement with the results of the
voltammetric charge analysis, i.e. not only the outer surface
but also the inner surface of investigated Ni-(Ebonex/Ir) elec-
trodes exhibited accessibility to different electrochemical
processes.
Fig. 11 shows the relationship between the potential and
the Faradaic resistance to the HER, RF ¼ Rct þ Rp, obtained for
all Ni-(Ebonex/Ir) samples by modeling of EIS data. As can be
seen, all E vs. log RF dependences were linear and character-
ized by a slope of about 120 mV/dec, similarly to the Tafel
plots obtained in polarization measurements (see Fig. 7). The
parallelism of E vs. log RF dependences corresponding to
different samples confirm the dominant role of surface
roughness effects in the apparent activity for the HER of Ni-
(Ebonex/Ir) composite cathodes.
The catalytic performance of the Ni-(Ebonex/Ir) electrode
with 5.2 wt% Ir (sample 5, 1.43 at.% Ir) was comparable to the
C/NieNiIr composite electrode containing 3.9 wt% Ir [41]. For
example, the HER charge transfer resistance for sample 5 at
the potential of 1.30 V vs. SCE was 1.68 U cm2 (Table 3), while
that for C/NieNiIr at the potential of 1.285 V vs. SCE was
calculated to be 1.8 U cm2 taking into account the average
weight and dimensions of the carbon felt substrates [41]. The
potential of 1.31 V vs. SCE corresponding to the HER current
density of100mA cm2 in a 1MNaOH solutionwas recorded
both on sample 5 and the best porous Ni þ IrO2 composite
cathode electrodeposited from a chloride bath and charac-
terized by the volume fraction of incorporated IrO2 of 0.35 [22].
Compared to the Ni-(Ebonex/Ir) electrodes, the porous Ni
electrodes modified by spontaneous deposition of Ir [35] or
cathodic deposition of Ir [38] exhibited superior activity for the
HER, being about 1.085 V vs. SCE@-100 mA cm2. The au-
thors, however, did not present any fraction of Ir in those
Table 3 e Parameters obtained by fitting EIS spectra with the equivalent circuits presented in Fig. 9.
Sample E/V Rs/U cm
2 Rp/U cm
2 Cp/mF cm
2 Rct/U cm
2 Ydl/mU
1 cm2 sa adl
(2) 1.15 0.806 8.24 12.1 124 1.07 0.876
1.20 0.812 e e 55.8 0.725 0.902
1.25 0.833 e e 18.2 0.472 0.934
1.30 0.849 e e 5.85 0.349 0.961
(3) 1.15 0.724 e e 69.5 2.38 0.884
1.20 0.724 e e 30.2 1.63 0.905
1.25 0.733 e e 10.5 1.11 0.929
1.30 0.743 e e 3.51 0.864 0.947
(4) 1.15 0.857 15.0 0.798 5.98 4.68 0.893
1.20 0.857 e e 10.4 3.95 0.890
1.25 0.850 e e 4.32 2.91 0.904
1.30 0.860 e e 1.86 2.34 0.923
(5) 1.15 0.671 13.2 0.579 5.32 4.67 0.880
1.20 0.686 e e 9.51 3.70 0.885
1.25 0.698 e e 3.94 2.64 0.906
1.30 0.690 e e 1.68 2.27 0.911
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low based on the analysis of the EDS spectra [35,38].
By comparing the values of potential at j ¼ 100 mA cm2
for pure Ni (1) and the best Ni-(Ebonex/Ir) sample (5) (Fig. 7a), it
can be concluded that the overvoltage for the HER at sample
(5) is for 338 mV lower than that at Ni (1). In comparison with
the best Ni-(Ebonex/Ru(10 wt.%)) composite coating [36], the
best Ni-(Ebonex/Ir) composite coatings (electrodes 4 and 5)
were slightly less active for the HER. The potential at a current
density of 300 mA cm2 for the best Ir containing electrode
amounts to 1.362 V vs. SCE, while that for the best Ru con-
taining electrode amounts to 1.318 V vs. SCE. The observed
difference in activity for the HER between the Ni-(Ebonex/Ir)
and Ni-(Ebonex/Ru) composite electrodes can be ascribed to
different concentrations of active noble metal sites at the
electrode surface. As it was shown, the amount of incorpo-
rated Ir was generally lower than the amount of incorporated
Ru [36], with the maximum amounts being 1.43 at.% Ir andFig. 10 e The dependence of Cdl on potential obtained by
analysis of impedance spectra for various Ni-(Ebonex/Ir)
samples (marked in the figure).2.1 at.% Ru. Besides the reduction in production costs associ-
ated with a low amount of used Ir, the main advantage of the
Ni-(Ebonex/Ir) composite coatings is the possibility of their
application in electrocatalysis of both hydrogen and oxygen
evolution, which could greatly facilitate the fabrication of bi-
polar electrodes for alkaline water electrolyzers. The
employment of the same catalyst material on both sides of
bipolar electrodes also allows an application of a reverse po-
larity to a water electrolyzer, which could help to improve the
service life of electrodes. The second part of this manuscript
will be devoted to the catalytic activity of the Ni-(Ebonex/Ir)
composites towards the oxygen evolution reaction.Conclusions
Codeposition of nickel with suspended Ebonex/Ir(30 wt.%)
powder particles produced composite coatings with high
electrocatalytic activity for the HER. The employment ofFig. 11 e The E vs. log RF dependence obtained by modeling
of impedance spectra for various Ni-(Ebonex/Ir) samples
(marked in the figure).
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proved to be an efficient method for decreasing the amount of
Ir in the final Ni-(Ebonex/Ir) composite electrodes. The most
active Ni-(Ebonex/Ir) electrode obtained at 2 g dm3 of Ebonex/
Ir particles in a Watts bath (suspension) contained not more
than 1.43 at% of Ir. Codeposition of Ni and Ebonex/Ir particles
resulted in coatings with increased surface roughness
compared to that of a pure Ni deposit prepared under the
same experimental conditions. Besides an enhanced electro-
chemically active surface area, the Ni-(Ebonex/Ir) electrodes
also possessed larger intrinsic catalytic activity for the HER
than Ni owing to the presence of Ir active sites at the surface.Acknowledgment
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